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–Advanced  (non-ideal  and contact effects)
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Cost of x-Si transistors going up
4 companies 
left ($7B cost of 
entry)
22 companies compete 
($2B cost of entry)
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Ballistic mobility in Si
D. Antoniadis, IEEE Transactions on Electron Dev. Vol. 63, No 7, pp.
2650 – 2656 (2016) DOI: 10.1109/TED.2016.2562739
F. Ferdousi, R. Rios, and K. J. Kuhn, Solid-State Electron., vol. 104, pp. 44–46, Feb. 2015.
Data from W. Knap, F. Teppe, Y. Meziani, N. 
Dyakonova, J. Lusakowski, F. Bouef, T. Skotnicki, D. 
Maude, S. Rumyantsev and M. S. Shur, Appl. Phys. 


















A. A. Kastalsky and M. S. Shur, 
Conductance of Small Semi-
conductor Devices, Solid State 
Comm. Vol. 39, No. 6, p. 715-718 (1981)
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TFT Field Effect Mobility
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See-through $1 smart phone
From https://futurephones2000.wordpress.com/
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TFTs could be on flexible substrates for robotics 
applications
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Challenges to TFT Compact Modeling  from 
Applications
• Higher resolution, 
interactive displays
PushingTFT designs to the 
limits with less ideal 
characteristics – challenge 
for compact modeling
• Higher speed for RFIDs 
and sensors
• Low temperature 
processing for flexible 
electronics, and computers 
on glass
S. H. Jin, M.-S. Park, and M. S Shur, Photosensitive Inverter 
and Ring Oscillator with Pseudo Depletion Mode Load for 
LCD Applications, IEEE Electron Device Letters, Vol. 30,  
Issue 9, pp. 943 – 945, September  (2009)
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TFT Modeling: Challenges
•Different device sections  (intrinsic 
channel versus contacts) dominate 
depending on bias and/or 
temperature
•Parameter variations from device to 
device
•Non trivial scaling 
•Dispersion
•Noise
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Effective medium approach and 
Unified Charge Control Model 
(UCCM)
12Michael Shur (shurm@rpi.edu)  





High gate bias –
Contact
Control




13Michael Shur (shurm@rpi.edu)  





High gate bias –
Contact
Control




14Michael Shur (shurm@rpi.edu)  





High gate bias –
Contact
Control




15Michael Shur (shurm@rpi.edu)  





High gate bias –
Contact
Control




16Michael Shur (shurm@rpi.edu)  





High gate bias –
Contact
Control




17Michael Shur (shurm@rpi.edu)  
TFT layout and circuit elements
Gate
Gate Dielectric
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TFT Modeling: Goals
Good modelers
19Michael Shur (shurm@rpi.edu)  
Deep and tail localized states
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M. Shur and M. Hack, "Physics of amorphous silicon based alloy field effect transistors," J. Appl. Phys., vol. 55, 
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Field effect mobility vs gate bias
The field effect mobility is the effective mobility that 
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M. Shur and M. Hack, "Physics of amorphous silicon based alloy field effect 
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RPI TFT model
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Unified Charge Control Model
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UCCM  saturation current for different TFTs
Isat =
gchiVgte
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Simulated I-Vs. L = 10 um
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RPI TFT models
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Non-ideal behavior
(2D generation model)
Leff = L – ΔL(VG,VD)
Weff = W + ΔW(VG,VD)
Effective gate length and width for scaling design
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M. Shur, S. Rumyantsev, C. Jiang, R. Samnakay, J. Renteria, A. Balandin, Selective gas sensing with MoS2 thin film transistors, IEEE Sensors 2014 
Proceedings., pp. 55-57 (2014)
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Sensing Applications
































M. Shur, S. Rumyantsev, C. Jiang, R. Samnakay, J. Renteria, 
A. Balandin, Selective gas sensing with MoS2 thin film 
transistors, IEEE Sensors 2014 Proceedings., pp. 55-57 
(2014)
S. Rumyantsev, G. Liu, R. A. Potyrailo, A. A. Balandin, and 
M. S. Shur, Selective Sensing of Individual Gases Using 
Graphene Devices, IEEE Sensors Journal, vol.13, no.8, pp. 
2818 - 2822, Aug. 2013, doi: 10.1109/JSEN.2013.2251627
33Michael Shur (shurm@rpi.edu)  









34Michael Shur (shurm@rpi.edu)  
TFT Transfer Characteristics: large, drain bias 
dependent leakage
From: S. L. Rumyantsev, S. H. 
Jin, M. S. Shur, M.-S. Park, 
Low frequency noise in 
amorphous silicon thin film 
transistors with SiNx gate 
dielectric, J. Appl. Phys. 105, 
124504 (2009)
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Threshold Voltage dependence on geometry 
for scaling
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Effective TFT mobility Improved effective 
TFT mobility
model
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Unified Electron Sheet Charge Density Per 
Unit Area (2D generation model)
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VD = 0.1 V
Model fit
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VD = 10.1 V
Model fit
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CONTACT EFFECTS
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The effect of contact non-linearity (diode).
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Contact Nonlinearity Affects Short Channel 
Devices









































Vt = 4 V
Vt = 2 V
Vt = 1.4 V
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Contact non-linearity and threshold variation






















The effect of contact non-linearity is closely related to the 
threshold voltage variation. The contact section must be 
modeled separately. 
Threshold Voltage Extraction
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Node voltages. Solid – channel potential on the 
source side, dashed – on the drain side. L = 1 um
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At large gate bias, the
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Node voltages. Solid – channel potential on the 
source side, dashed – on the drain side. L = 10 um
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CV Model 
Gate
To the drainTo the source
The channel of the transistor should be modeled as a 
distributed RC line with gate controlled resistances
Additional contact associated capacitances have significant
dependence on the gate bias and should also be modeled as 
transistor capacitances
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Capacitance model: 
Intrinsic and parasitic capacitances
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Capacitance Dispersion
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Capacitance Model: Equations
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Capacitance data














Gate oxide (ON state) capacitance scaling. The offset 
corresponds to contact capacitance
For 5 micron overlap Cc = 0.125 PF
For 3.5 micron gate Ct = 0.34 pF
Ct = Cch + a Loverlap + Co
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Frequency dispersion
































From S. Bhalerao, A. Koudymov, M. Shur, T. Ytterdal, W. Jackson, and C. Taussig, 
Compact capacitance model for printed thin film transistors with non-ideal contacts, 
International Journal of High Speed Electronics and System    Vol. 20, No. 4, pp. 801-814, 
December 2011, B. Iniguez and M. Shur Editors
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Frequency dispersion
















 1 KHz simulated
 10 KHz simulated
 100 KHz simulated
 1 KHz experimental
 10 KHz experimental
 100 KHz experimental
The device channel was divided into 20 sub-regions in 
order to account for the distributed channel resistance. 
Good agreement with the experiment is obtained. The 
experimental threshold shift with frequency is trap-
related.
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At high frequencies, electrons DO 
NOT have time to travel to the 
middle of the channel and the 
capacitance is smaller
At low frequencies, electrons have 
time to travel to the middle of the 
channel establishing the second
plate of for the parallel plate 
channel capacitance
Since the field (and velocity driving electrons is 
proportional to 1/L, this dispersion is proportional 
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Elmore model












From M. S. Shur, D. Veksler, V. Chivukula, A. Koudymov, T. Ytterdal, B. Iñiguez, and W. Jackson, 
Modeling Of Thin Film Transistors With Non-Ideal Contacts, ECS Proceedings, vol. 8, No. 1, pp. 
165-170 (2007)
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Transmission line model
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2D model
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Traps lead to a strong dispersion in C-V characteristics




















































 Vds= 0.3 V
 Vds=10.3 V
L = 20 um
From S. Bhalerao, A. Koudymov, M. Shur, T. Ytterdal, W. Jackson, and C. Taussig, 
Compact capacitance model for printed thin film transistors with non-ideal contacts, 
International Journal of High Speed Electronics and System    Vol. 20, No. 4, pp. 801-814, 
December 2011, B. Iniguez and M. Shur Editors
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Role of traps
 Traps and contacts determine  TFT I-V   and C-V characteristics
Traps cause noise and their density can be extracted from noise
Frequency dispersion is determined by localized traps
oThe rate of traps interaction with the states above mobility edge
oThe trap-dominated speed of electron propagation along the 
channel
 Contacts are non-linear and dominant at higher currents and 
shorter channel lengths
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Variable dispersion model
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At low densities in the 
channel, traps take a 
longer time to exchange 
with extended states 
than the transit time
From S. Bhalerao, A. Koudymov, M. Shur, T. Ytterdal, W. Jackson, and C. Taussig, 
Compact capacitance model for printed thin film transistors with non-ideal contacts, 
International Journal of High Speed Electronics and System    Vol. 20, No. 4, pp. 801-814, 
December 2011, B. Iniguez and M. Shur Editors
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Application of dispersion for light sensing
T. Saxena, P. S. Dutta, S. L. Roumiantsev, M. Shur Tunable photocapacitive optical radiation sensor
enabled radio transmitter and applications thereof, US Patent Application 2016/0041030,
Feb. 11 (2016)
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Implementation
T. Saxena, P. S. Dutta, S. L. Roumiantsev, M. Shur Tunable photocapacitive optical radiation sensor
enabled radio transmitter and applications thereof, US Patent Application 2016/0041030,
Feb. 11 (2016)
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Light sensor













Illumination intensity; L (W/cm
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Equivalent capacitance measured at 2 MHz 
for different illuminations




Transactions on Electron Devices
, vol. PP, no.99, pp.1-5 June
(2016)
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Traps lead to TFT characteristics 
dependence  on ambient light
S. H. Jin, M.-S. Park, and M. S Shur, 
Photosensitive Inverter and Ring 
Oscillator with Pseudo Depletion Mode 
Load for LCD Applications, IEEE Electron 
Device Letters, Vol. 30,  Issue 9, pp. 943 –
945, September  (2009)
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Non-linear dependence on illuminance
S. H. Jin, M.-S. Park, and M. S Shur, 
Photosensitive Inverter and Ring 
Oscillator with Pseudo Depletion Mode 
Load for LCD Applications, IEEE Electron 
Device Letters, Vol. 30,  Issue 9, pp. 943 –
945, September  (2009)
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NOISE
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Gate voltage dependent 1/f noise
From: S. L. Rumyantsev, S. H. Jin, 
M. S. Shur, M.-S. Park, Low 
frequency noise in amorphous 
silicon thin film transistors with 
SiNx gate dielectric, J. Appl. Phys. 
105, 124504 (2009)
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Noise much large in short channel devices
From: S. L. Rumyantsev, S. H. Jin, M. S. 
Shur, M.-S. Park, Low frequency noise in 
amorphous silicon thin film transistors 
with SiNx gate dielectric, J. Appl. Phys. 
105, 124504 (2009)
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Trap density can be extracted from noise data
From: S. L. Rumyantsev, S. H. Jin, M. 
S. Shur, M.-S. Park, Low frequency 
noise in amorphous silicon thin film 
transistors with SiNx gate dielectric, 
J. Appl. Phys. 105, 124504 (2009)
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Noise: TFTs and Crystalline FETs (after [1]
[1]
From: S. L. Rumyantsev, S. H. Jin, M. S. Shur, M.-S. Park, Low frequency noise in amorphous silicon 
thin film transistors with SiNx gate dielectric, J. Appl. Phys. 105, 124504 (2009)
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CONCLUSIONS
•The challenge in the compact modeling of Thin Film 
Transistors (TFTs) is to accurately reproduce all 
regimes of operation (leakage, subthreshold, and 
above threshold)
•The  developed models are suitable for the device 
characterization and parameter extraction even for 
the TFTs with non-ideal behavior
•These models account for non-ideal effects 
including gate-dependent mobility, contact effects 
and  capacitance dispersion
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